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The allometric scaling relationship between metabolic rate and body size in Manduca sexta
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ABSTRACT
INTRODUCTION
RESULTS DISCUSSION
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The allometric scaling relationship between body size and metabolic 
rate is important to understanding development and function in most 
organisms.  This study explored this relationship using Manduca sexta
as a model system.  The metabolic rates of thirteen lab-reared Manduca 
larva were obtained over the course of their development using an open 
system respirometry apparatus.  Analysis demonstrated that the 
interspecific scaling exponent of the equation MR=a(BS)b was 0.908, a 
slight variation from previous studies that indicated values of 0.88 and 
0.82.  This discrepancy may be explained by the small sample size 
(n=13).  Individual scaling constants for each larva ranged from 0.82 to 
0.98, consistent with a previous study that found a range from 0.66 to 
0.95.  This result indicates that a larger sample size would likely 
alleviate the differences in the overall intraspecific exponent.
•The relationship between body size and metabolic rate is defined by 
the equation MR=a(BS)b, where metabolic rate (MR) is proportional to 
body size (BS) raised to b, a scaling exponent. 
•In 1883, Max Rubner predicted a b value of ⅔ based on the surface 
area/volume relationship.  In 1932, Max Kleiber found b=¾ across a 
wide cross-section of mammals (Kleiber 1932). 
•The intraspecific relationship between body size and metabolic rate 
cannot be determined directly from interspecific analysis (Kvist and 
Lundstrom 2003). The small variation in body size among individuals 
of a particular species prevents discernment of size-associated shifts in 
metabolic rate in the presence of numerous other physiologic factors. 
•Due to 10,000 fold increase in weight over a period of 16 days, 
Manduca sexta, the tobacco hornworm caterpillar, serves as an 
excellent model for studying the relationship between metabolic rate 
and body size.
• M. sexta undergoes five molts within the 16 day cycle, allowing 
comparison of changing metabolic rates and body weights.
•Previous research by Andrew Vreede ’05 and Marissa Stearns ’06 
indicated b exponents of 0.82 and 0.88.
•This study aimed to examine the relationship between metabolic rate 
and body size across all five instars and to determine the effects of pre-
observation starvation on the scaling exponent.
•To examine the relationship between metabolic rate and body size, simple regression 
analysis was performed on the data obtained from 13 larvae, yielding a b scaling 
exponent of 0.908 (Figure 1).
•Next, the data was broken up into the fed and starved groups to determine 
differences in the b scaling exponent.  Scaling exponents of 0.89 and 0.92 were found 
for the fed and starved groups, respectively (Figure 2).
•The scaling exponents of individual larva ranged from 0.82 to 0.98, with a mean 
exponent of 0.92 ± 0.04 s.d. (Figure 2, Table 1).
•The determined scaling constant of 0.908 differed from 0.67 (Rubner) 
and 0.75 (Kleiber), but fell within those previously determined for M. 
sexta, 0.80 (Allyene 1997) and 0.98 (Greenlee and Harrison 2005).
•The range and variation of individual b values challenges the notion of 
a true constant scaling exponent within species.  
•The b value of 0.91 differed slightly from the value of 0.88 found by 
Stearns and the value of 0.82 found by Vreede.  This discrepancy is 
likely explained by the small sample size relative to Vreede and 
Stearns’ work, with 32 and 19 larvae respectively. 
• Further research should eliminate this problem and may produce a 
data set with a b value closer to those previously observed.  
•An increase in the number of larvae fed prior to study should 
determine the difference in scaling exponents resulting purely from 
methodology.
•Analysis of the individual variation in metabolic scaling exponents 
resulted in individual scaling exponents ranging from 0.82 to 0.97 
(Figure 2).  These values fall within the 0.66-0.95 range observed by 
Vreede.  
• Out of twenty-seven larvae that were originally reared, only thirteen, 
slightly less than half, survived through the entire five instars.  The 
high mortality rate was due to a number of different factors, including 
an apparent hox gene abnormality in one larva and a persistent fungal 
infection in a number of others.
•Future studies that seek to examine the relationship between metabolic 
rate and body size in two groups subjected to differing selective 
pressures Manduca will benefit from focusing on the mega or mini 
varieties.
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METHODS
Animal care: M. sexta larvae (n=13) were raised from eggs (Carolina Biological, NC) on an artificial diet (80% H2O, Carolina) in individual 16 oz. 
plastic containers.  Photoperiod and temperature were standardized (16L:8D, 27°C) using an environmental chamber.  In order to obtain basal metabolic 
rate, food was removed for 3 hours prior to study (n=10).  Another group of larvae was not starved prior to study (n=3).  Body mass was measured 
every twenty-four hours, at the end of each trial.
Respirometry: An “open system” respirometry apparatus (Qubit Systems, Canada) was used to determine metabolic rate.  Room air passed through a 
flowmeter (Qubit F360, ~.056 L/min) and an animal chamber, followed by a magnesium perchlorate drying column and into an IRGA CO2 analyzer 
(Qubit, model no. S151X, range 0-2000 ppm).  Metabolics rate were obtained daily for each larva for twenty-five minutes.  Measurements began on the 
second day of the first instar and were ended when the 2000 ppm limit was exceeded.  CO2 production was converted into O2 consumption using a 
respiratory quotient of 0.88 (Alleyne et al. 1997).
Statistical Analysis: Simple regression analysis using Minitab 14 determined the scaling constants and y-intercepts.
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Figure 1.  The effect of body size on the 
metabolic rate of larval Manduca sexta.  
Regression equation: log(MR)= 
1.28+0.908log(BS). (R2=0.942, N=13 larvae, 
416 total measurements)
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Figure 2.  The effect of a three hour 
starvation period prior to study on the 
metabolic rate-body size scaling 
relationship.  Regression equations: 
starved, log(MR)=1.264+0.9217log(BS) 
(R2= 0.947, N=10 larvae, 316 total 
measurements);  fed, log(MR)=1.359 + 
0.8885log(BS) (R2= 0.950, n=3 larvae, 98 
total measurements).
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13 *
b y-intercept R2
Larva 1 0.897 1.291 0.953
Larva 2 0.902 1.333 0.940
Larva 3 0.923 1.296 0.936
Larva 4 0.952 1.316 0.963
Larva 5 0.975 1.204 0.947
Larva 6 0.944 1.266 0.957
Larva 7 0.939 1.386 0.950
Larva 8 0.823 1.301 0.949
Larva 9 0.913 1.219 0.962
Larva 10 0.892 1.222 0.959
Larva 11 0.941 1.241 0.963
Larva 12 0.894 1.274 0.952
Larva 13 0.949 1.420 0.962
Table 1.  The y-intercepts, scaling 
exponents, and correlation coefficients of 
13 M. sexta larvae. (n=13)
Figure 2.  The individual metabolic scaling 
relationship in a group of 13 M. sexta larvae. 
(n=13)
